Mitogen-activated protein kinases, Erk and p38, phosphorylate and regulate Foxo1.
The members of the transcription factor Foxo family regulate the expression of genes concerned with the stress response, cell cycle and gluconeogenesis. Foxo1 (FKHR) contains 15 consensus phosphorylation sites for the mitogen-activated protein kinase (MAPK) family. Therefore, we hypothesized that MAPKs could directly regulate the transcriptional activity of Foxo1 via phosphorylation. In vitro kinase assay showed that Foxo1 was phosphorylated by extracellular signal-regulated kinase (Erk) and p38 MAPK (p38) but not by c-jun NH2-terminal kinase (JNK). In NIH3T3 cells, epidermal growth factor or anisomycin increased phosphorylation of exogenous Foxo1, which was significantly inhibited by pretreatment with an MEK 1 inhibitor, PD98059, or a p38 inhibitor, SB203580. Two-dimensional phosphopeptide mapping using mutation of phosphorylation sites for MAPK revealed that the nine serine residues in Foxo1 are specifically phosphorylated by Erk and that five of the nine residues are phosphorylated by p38 in vivo. Moreover, we also found that Foxo1 interacts with Ets-1 and functions as a coactivator for Ets-1 on the fetal liver kinase (Flk)-1 promoter in bovine carotid artery endothelial cells. Mutation of the nine phosphorylation sites for Erk in Foxo1 was shown to lead to less binding and synergistic activity for Ets-1 on the Flk-1 promoter when compared with wild-type Foxo1. These results suggest that Foxo1 is specifically phosphorylated by Erk and p38, and that this phosphorylation regulates the function of Foxo1 as a coactivator for Ets-1.